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This report describes an eye-tracking experiment which was conducted in
the context of the student project Analyse und Modellierung von Blickbewe-
gungen (Analysis and Modeling of Eye Movements) in summer term 2009
at Bielefeld University. The goal was to determine the influence of head-
mounted displays (HMDs) on natural visual search behavior. Subjects were
instructed to find a previously specified number in a regular grid of numbers
while their eye and head movements were tracked with an Eyelink II system.
The task had to be accomplished under three different viewing conditions:
full width of field of view, restriction of field of view via blinkers, and view-
ing through a Trivisio HMD1. The recorded head and eye movements were
used to calculate the eye-to-head movement coefficient for lateral fixations.
Results show that wearing an HMD leads to less eye rotation and more head
movement than under normal viewing conditions. Low resolution and a lim-
ited field of view seem to cause wearers of HMDs to adapt their natural
lateral fixation behaviour. Those assumptions about eye rotation could be
useful in future research projects focused on HMDs where direct access to
actual eye data is not possible.
1http://www.trivisio.com/tech ARvision3DHMD.html
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1. Introduction
Recent advances in technology have led to significant improvements of head-mounted
displays (HMDs), for example with regard to their size and robustness. However, there
is still room for improvement. If used in an experiment where human interaction per-
formance is measured, for example in the context of augmented reality, an HMD needs
also to be regarded as a limiting input device, as it reduces the subject’s field of view
(FOV) and compromises their ability of using gaze as a channel of communication.
According to Dierker et al.[1], wearing an HMD can affect an inexperienced user to
the extent of impairing their ability of performing everyday tasks, such as reaching for
objects or shaking hands with others. The aforementioned paper’s explanation for this
phenomenon is that while seeing only the HMD’s projection of their surroundings, users
perceive objects to be closer than they actually are.
Dierker et al. also noticed that subjects tend to alter their communication with a partner
in order to adapt to the new circumstances, especially concerning the frequency and
strength of their head gestures. While subjects seem to reduce their head movement
because of the weight of older systems such as the VAMPIRE -system2, the opposite
effect was observed with the newer and more lightweight Trivisio-system. The present
study now aims at further investigating these conflicting results and at clarifying how
restrictions of the field of view, for example when wearing HMDs, affects eye and head
movements.
The following sections will give a brief overview of the Trivisio-system which was used for
the experiment, outline the visual search task, and illustrate the differences between the
three scenarios. Next, we will in more detail develop our hypothesis. This is followed by
the description of the methodological particularities of the experiment itself, including a
detailed explanation of our method for evaluating and reviewing the collected data. We
then report the results of the empirial study, discuss them in relation to our hypothesis,
and present the conclusion of the study.
2http://www.vampire-project.org
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2. Human Interaction and Head-Mounted Displays
In [2], Arthur defines HMDs in the following way:
“Head-mounted display (HMD). A display worn on the head to provide a view of a
computer- generated scene. I assume stereoscopic binocular HMDs with appropriate
perspective projections, though non-stereoscopic HMDs also exist: monocular HMDs that
show one image to one eye, or biocular HMDs that show one image to both eyes.“
Despite the fact that head-mounted displays have become lighter and easier to use over
time, their use is still connected to a limitation of natural communication abilities. For
example, Arthur et al.[2] mention low resolution of the used displays and limited field
of view as possible causes. To engage the problems of evaluating ideas for tommorrow’s
devices with today’s technology which were mentioned by Mertes[3], it is at least
necessary to know how these limitations influence their users or the way they commu-
nicate. Therefore Dierker et al. conducted an interaction experiment for VAMPIRE
and Trivisio HMDs as preliminary studies in the context of the C5 project Alignment
in AR-based cooperation in the Collaborative Research Centre CRC 673 Alignment in
Communication. The heavy VAMPIRE system causes subjects to keep their head in an
almost static position whereas for the lighter Trivisio system, the influence was signifi-
cantly smaller. However, the restrictions of low resolution and limited field of view are
still there.
Because of observations during other interaction experiments with Trivisio systems, we
believe that these obstructions cause people to perform more head movement and less
eye movement than they would do without wearing a similar HMD system. Mertes[3]
mentions this assumption in his diploma thesis as well. The confirmation of this hy-
pothesis would make developing and evaluating new communication and interaction
technologies with Trivisio-like devices easier, as good approximations for eye positions
can be done with just head position and direction information. Otherwise, heavy and
expensive solutions which combine HMD and eyetracking solutions and which will in-
crease the influence of interaction like the VAMPIRE system did before will need to be
dealt with.
In order to investigate the hypothesis mentioned above, we designed a search experi-
ment where subjects solved a task in three different set-ups while we tracked their eye
movement with an EyeLink II eye tracking system. Depending on the set-up, we com-
bined the EyeLink II either with a Trivisio system or a simple field of view limitation
via blinkers (artficial view borders, in the following referred to as AVB). From the eye
movement data we were able to calculate an average eye movement reatio for each sub-
ject and compare those ratios to each other. An absolute comparison was not possible
because Simonet et al.[4] found out that the natural eye-to-head movement coefficient
varies for each individual.
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3. Visual Search Experiment
3.1. Stimuli
The task of the experiment was to find one specific number in a grid of 8 x 6 numbers
(See Figure 1). The screen had a resolution of 1280x800 px. The numbers’ height was
36 px. The interspace between the numbers was 135 px. The complete experiment
structure is displayed in Figure 2. The screen width’s angle of view was 64 ◦, the screen
height’s angle was 47 ◦.
Figure 1: Subject in front of the grid screen.
The indicated number appeared just once every trial. All other numbers were random-
ized and appeared in arbitrary quantity and position. Furthermore, there were only ten,
likewise randomized, positions in the grid in which the indicated numbers could appear,
so that it would enable a comparison between equal positions in differing scenarios. The
squencing of those positions was randomized as well.
3.2. Apparatus
The ARvision-3D head mounted display we used is a customized version made by Triv-
isio. It contains two Point Grey Firefly MV cameras that deliver an uncompressed 640
x 480 pixel video stream. For each eye, the Trivisio system features one 800 x 600 pixel
display. The HMD was attached to a Lenovo ThinkPad T61 with a software called
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Figure 2: Illustration of the experimental setup.
LAFORGE that was developed by Mertes. We used LAFORGE just for displaying
the video stream of one camera on both Trivisio displays3.
The EyeLink II is an eye tracking device developed by SR Research. It consists of three
IR cameras, two of which track the position of one eye each. The third one is used to
determine the head position with the help of four IR LEDs which usually are attached
to the edges of the screen. The EyeLink II was connected to a Dell Optiplex GX755
with an Intel Core2 duo e6550, 2,33 ghz, on which the Eyelink2 Host PC Software v2.11
runs. This software recorded all eye movement data and sent it via crossover network
to a Dell Latitude 6400 that hosted the used experiment program.
The AVB is made of strong paper and consists of two parts: a dark frame that is attached
to the EyeLink II and a smaller adjustable part that further confines the view window
(See Figure 3). The frame is bent on the sides to limit the peripheral field of view as
well. The resulting field of view was almost equal to the one offered by the HMD.
3For a more detailled description of the Trivisio system please see Mertes[3].
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Figure 3: Subject in the AVB scenario.
3.3. Subjects
Thirteen students of Bielefeld University, 11 male and 2 female, participated in the
study. Their average age was 23.77 years and all subjects were fluent in German. They
were not paid for their participation.
3.4. Design
The task was solved in three different scenarios. In the first so called ”free”’ scenario,
the subjects wore the EyeLink II while their field of view was unobstructed. In the
second scenario, we added an AVB restricting the subjects’ field of view in order to get
a control scenario (see Figure 3). In the third scenario, the AVB was removed and the
EyeLink II was combined with the Trivisio system (see Figure 4).
As a number of three scenarios can be sequenced in six different ways, all six sequence
permutations were used twice in order to rule out eventual adaptations. Each scenario
consisted of 10 trials.
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Figure 4: Subject wearing the head-mounted display and the eyetracker at the same
time.
3.5. Procedure
If the current scenario was the AVB one, we started by determining the subject’s dom-
inant eye with a simple test and then putting an eye patch on the non-dominant eye
in order to relieve the subject from the stress of trying to see through the AVB’s small
window with both eyes, so that effects such as double vision could have no influence on
the results.
At the start of each trial, we performed a drift correction. After that, the task-description
was shown on the screen. Subjects could proceed to the task on their own by pressing
a random key on a keyboard. Upon finding the number they also had to press a key to
indicate success and see the next task description.
Between scenarios, there was a short pause so that the subjects could rest for a moment
and we could switch our equipment on their heads. Once all three scenarios were com-
pleted, the subjects were asked to fill in a short questionnaire (see Appendix A). The
questions were general as to avoid priming the subjects for giving specific answers and
thus compromising the results.
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3.6. Data analysis of eye rotation
For the tracking of eye movement we used the HREF (head-referenced) function of the
EyeLink II System. For every event in the output file the system writes an Href pair
of coordinates. These coordinate pairs define a point in a plane at a distance of 15000
units from the eye (See Figure 5). Head movement has no effect on these coordinates
Figure 5: Visualization of an HREF pair of coordinates.
and the coordinates also have nothing to do with the eye position on the display. The
point of origin is arbitrary, because coordinate pairs of two events have to be constantly
compared in order to measure the angle of eye-rotation between these events. The
rotation angular distance between two HREF Points can be directly calculated with the
following formula:
angle = arccos
 f · f + x1 · x2 + y1 · y2√
(f · f + x1 · x1 + y1 · y1) · (f · f + x2 · x2 + y2 · y2)

In this formula, f is 15000; (xi, yi) is one coordinate pair. To get the result in degrees
the angle has to be multiplied with 57.296. This way, for every fixation event the eye
rotation to the reference point can be calculated. For more information consider the
EyeLink II User Manual [5].
For our experiments an reference point was needed to which the eye rotation for a fixation
could be calculated. This refernce point was defined as the first fixation point after the
last drift correction, because the subjects looked directly at the middle of the screen
while the drift correction ended. The reference point needed to be corrected with every
drift correction.
8
4. Results
We had to exclude 6 of the 13 subjects from the analysis of the results because of
technical problems experienced on one day of recording. Another subject had problems
with the HMD and the tasks because of an attention-deficit disorder. Therefore only 6
subjects were included in the analysis, 6 male and 1 female (average age 24.33 years).
Figure 6: Mean eye rotation angle with double standard deviation for all three scenarios
We analyzed the dependent variables ”Mean viewing duration per trial”, ”Mean number
of fixations per trial”, ”Mean fixation duration”, ”Mean saccade duration” and ”Mean
eye rotation” with a paired t-test. On the 0.975 quantile, the differences in eye rotation
between the HMD and the free scenario were significant (t(5) = 9.276; p = 0.0002448),
where the eye rotation of the HMD scenario was smaller than in the free scenario (see
also figure 6). The shorter mean watching duration per picture in the free than in the
HMD scenario was also significant (t(5) = −4.461; p = 0.006634) (see figure 7) as well
as the less mean number of fixations per picture in the free scenario than in the HMD
scenario(t(5) = −3.202; p = 0.02393) (see figure 8). There was also a significant differ-
ence in the mean watching duration per picture between the HMD and the AVB scenario
(t(5) = 3.765; p = 0.01309), where the mean watching duration in the AVB scenario
was smaller than in the HMD scenario. All other differences were non-significant. You
can see all mean results in table 1. A comparison of the eye rotation results of the
individual subjects shows, that all subjects had a larger eye rotation angle in the free
scenario than in the HMD scenario.
The analysis of the questionnaire showed that all subjects estimated the tasks’ descrip-
tions as clear. Mostly, subjects stated that the eyetracker did not restrict their field of
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Figure 7: Mean viewing duration per
picture with double stan-
dard deviation for all three
scenarios
Figure 8: Mean number of fixations
per picture with double stan-
dard deviation for all three
scenarios
view very much; however, the HMD did. Most subjects also consciously moved their
heads less with the eyetracker on than with the HMD or in the AVB scenario. One
person got a headache from wearing the HMD. All subjects stated that the experiment
duration was not too long. The questionnaires also revealed great differences between
the individual subjects in evaluating the differences of the field of view restriction in the
HMD and the AVB scenario. Two subjects stated a stronger restriction of their field of
view while wearing the artificial view borders than the head-mounted display, 4 people
stated no difference between the two scenarios. Nearly all subjects agreed that the view
trough the HMD was slightly blurred.
Scenario Mean
watching
duration
per trial
Mean num-
ber of
fixations
per trial
Mean
fixation
duration
Mean
saccade
duration
Mean eye
rotation
Free 2044.6984 10.2167 158.1971 42.0039 15.3197
HMD 3021.5873 18.5667 153.9907 61.0307 11.4562
AVB 2164.9603 12.4333 160.4434 43.0269 12.6507
Table 1: Mean results for the dependent variables in the three scenarios.
10
5. Discussion and Summary
The significant differences for the eye rotation angles between the free and the HMD
scenarios support our hypothesis that wearing an HMD caused subjects to perform less
eye movements and respectively more head movements than without wearing an HMD.
This affirmation leads to the assumption that it is acceptable, within reason, to infer the
gaze direction from the head position, with respect to direction information. Subjects
moved their eyes more often by a mean factor of 1.34 when they had just the eyetracker
on their head instead of an HMD (factor 1.21 in the AVB scenario). The subjects’
tendency to rotate their eyes more in the AVB than in the HMD scenario leads to
the conclusion that not just the restriction of the field of view, but also the resolution
and the curvature of the displays have significant effects on the eye movement. This is
supported further by the significant differences for the viewing duration and indicates
that it is not possible to recognize numbers in the periphery when looking through an
HMD, so each number needs to be viewed separately and cannot be identified after-
incidentally. This leads to the longer viewing time and might also be responsible for
the smaller eye rotation in the HMD than in the AVB scenario. It is more difficult to
focus on a number through an HMD, which is why large eye rotation angles with short
fixation times are not as effective as when not looking through an HMD.
Unfortunately, we could not test more subjects in order to more reliably test the hy-
pothesis and further support our findings. The results for the AVB scenario in particular
are not reliable enough, as we had some difficulties to set up the AVBs so that their
restriction of the subjects’ field of view equaled that of the HMDs exactly. Still, our ex-
periments support the hypothesis and it seems evident that further studies will be able to
provide the necessary evidence. Additionally, we recommend combining an eye tracking
system and a head-tracking system. Unfortunately, this was not possible in the context
of our student project because of problems with the infrared sensors of both systems
which cause interferences. Furthermore, more attention should be paid to the AVBs. It
must be verified, wheter the asserted effects of looking through an head-mounted display
are caused by the restriction of the field of view or whetand not having one’s field of
view limited in particular also seem to be an effect of the HMDs’ use of displays in itself.
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A. Questionnaire
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Fragebogen
HMD Experiment VP.NR
Uhrzeit Beginn:
Abfolge(F/S/H):
Uhrzeit Ende:
# Von Versuchsperson auszufüllen
Geschlecht:
Alter:
Dioptrien:
Die Aufgabenstellung war klar und eindeutig.
Der Sichtschutz hat meine Sicht stark beeinträchtigt.
Das HMD hat meine Sicht stark beeinträchtigt.
Ich habe meinen Kopf bewusst wenig bewegt...
...mit Sichtschutz
...mit HMD
Das HMD hat bei mir Kopfschmerzen ausgelöst.
Das Experiment war zu lang.
Ich empfand den Sichtschutz einschränkender als das HMD.
# Vom Experimentator auszufüllen
Experimentator:
TimeCode:
dom. Auge:
TimeCode:
tägl. Zeit am PC:
Als nächstes bitten wir Sie, sich einige Thesen zur Versuchsdurchführung anzuschauen. Bitte teilen 
Sie uns auf einer Skala von 1 bis 10 ihre Zustimmung zu den Thesen mit. Eine 10 steht hierbei für 
absolute Zustimmung.
Der Eyetracker hat meine Sicht stark beeinträchtigt.
...mit Eyetracker
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Fragebogen
Was ist Ihnen beim Tragen des Sichtschutzes besonders aufgefallen?
Vielen Dank, dass Sie sich für das Experiment und den Fragebogen Zeit genommen haben!
Zum Schluss möchten wir Sie bitten, einige Fragen zum Experiment zu beantworten und uns Ihre 
Meinung mitzuteilen.
Wir haben Ihnen zur Versuchsdurchführung viel „Technik“ am Kopf befestigt. Wie 
unangenehm war das für Sie? 
Was ist Ihnen beim Tragen des Eyetrackers besonders aufgefallen?
Was ist Ihnen beim Tragen des HMDs besonders aufgefallen?
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